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X-ray analysis shows that mullite and silica are the major crystalline phases in fly ash. The 
"method of known additions" from X-ray diffraction techniques was used to calculate 
changes in the significant peak intensities of mullite and silica to determine their weight frac- 
tions in fly ash. This furthers the efforts of characterizing fly ash, which are being conducted 
to supplement the search for applications of this abundant material. The weight fractions of 
crystalline mullite and silica were determined to be 14.2 and 5.1 wt%, respectively. Thermal 
gravimetric studies as well as SEM and particle size analysis were also conducted on the 
fly ash. 

1. I n t r o d u c t i o n  
In 1973 the annual production of fly ash, that material 
remaining after the combustion of coal, was over 22 
million tons [1]. Only about 10% of this was used in 
concrete and cements [1]. Because of its availability, 
new uses of fly ash for commerical and industrial 
applications are being investigated. 

The majority of the minerals in coal are classified 
into one of four groups: aluminosilicates (including 
clays), carbonates, sulphides, and silica (quartz) [2]. 
During combustion some minerals such as the clay 
may be altered thermally, while other minerals, such 
as the quartz may remain unaltered. The thermally 
treated coal impurities, along with small amounts of 
unburned coal, make up the fly ash. The composition 
of the coal impurities is not fixed, thus composition of 
the resulting fly ash also varies. The major con- 
stituents of fly ash are c~-quartz (SiO2), mullite 
(3A1203 �9 2SIO2), hematite (Fe203), magnetite (Fe 304), 
lime (CaO), and gypsum (CaSO4" 2H20) [3]. 

Using X-ray diffraction (XRD), Mattigod and 
Ervin [4] have found that mullite is the dominant 
crystalline component, followed by minor amounts of 
quartz for low-density fly ash fractions. Quartz has 
also been reported as the major crystalline phase in a 
study of bulk fly ash [5] (no size fractions removed). 
These results indicate the difficulties in ascertaining 
general characteristics for a material with such 
variation. 

Mullite does not occur naturally in coal, thus, the 
mullite observed in the fly ash is assumed to form 
during combustion by the thermal decomposition of 
naturally occurring aluminosilicates, such as kaolinite. 
The decomposition reactions for kaolinite are: 

A1203 " 2SIO2" 2H20 5~176176 A1203-2SIO2 + 2H20 

kaolinite ~ metakaolin + steam 

3(A1203-2SIO2) 98~176 3A1203" 2SIO2 + 4SIO2 

metakaolin ~ mullite + silica 

Two competing rates determine the amount of mul- 
lite formed, the rate of its crystallization from the melt 
and the rate at which the melt cools to amorphous 
solidification. The final amount of quartz also 
depends on these cooling rates because they determine 
what fraction of SiO2 (from the metakaolin decom- 
position reaction) becomes glassy (amorphous) and 
what fraction crystallizes [6]. 

2. Experimental procedure 
2.1. X-ray analysis 
Fly ash and 99.92% pure mullite (A1203-2SIO2) 
(Baikowski International Corporation, Charlotte, 
North Carolina) powder were mixed together to make 
four powder specimens with compositions of 90.0- 
9.09, 83.3-16.7, 76.9-23.l and 71.4-28.6 wt % fly ash- 
mullite. A series of fly ash-99.9% pure silica (Alfa 
Products, Thiokal/Ventron Division, Danvers, Massa- 
chusetts) mixtures were also prepared, with the com- 
positions 90.0-10.0, 80.0-20.0, 70.0-30.0 and 60.0- 
40.0 wt % fly ash-silica. 

The powder masses were determined with a preci- 
sion of 10-6g using a Sartorius Analytic Electronic 
Balance. Each specimen (except 100% ash specimen) 
was mixed using a porcelain mortar and pestle. Com- 
parison of the X-ray diffraction patterns for mixed 
and unmixed specimens showed no difference in the 
peak widths, thus confirming that significant particle 
size reduction did not occur. Peak broadening 
becomes noticeable for particle sizes smaller than 
about 40/~m. Though some peak broadening may 
have been initially present, no change in this effect 
upon the diffraction patterns was observed for mixed 
and unmixed ash, thus permitting their comparison in 
the analyses that follow. 

X-ray powder diffraction for all specimens was per- 
formed with a General Electric X-ray Diffractometer 
set at a rate of 500 counts sec ~ and a time constant of 
1.0. The powder specimen was rotated at a rate of 2 ~ 
min-~ with respect to the incident X-rays. While not 
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Figure 1 Illustration of the 
"method of known additions" 
analysis. 

directly measured, the specimen thickness was esti- 
mated as 0.1 to 0.2cm. During compaction of the 
powder specimens, twisting action was carefully 
avoided in order to limit particle orientation effects in 
the specimen. The 20 ranges of X-ray diffraction were 
from 15 ~ to 56 ~ for the fly ash-mullite compositions, 
15 ~ to 65 ~ for the 100% fly ash, and from 18 ~ to 61 ~ 
for the fly ash-silica compositions. The X-ray diffrac- 
tion data for mullite and silica from Brindley [8], along 
with the diffraction patterns of the mullite and silica 
standards, were used to identify peaks suitable for 
analysis in the mullite-flyash and silica-flyash mixtures., 

The weight fraction of the mullite and silica phases 
in the fly ash powders were determined from linear 
least-squares analyses of the changes in XRD peak 
intensities and the known amounts of these phases 
added to the fly ash to induce this change. Central to 
this procedure is the "method of known additions," 
an internal standard method of quantitative analysis 
[8]. If  the weight proportion of component C in a 
powder specimen is sufficiently small or if the mass 
attenuation coefficients, #, for the majority of the 
constituents are similar (i.e. such that #2/#1 is approxi- 
mately equal to 1) then, from the method of known 
additions the weight proportion of C in the original " 
specimen can be expressed by 

Wt(Ii/I2) 
= ( 1 )  

x + ~ - (z,/I2) 

where, ~ is the unknown weight fraction of com- 
ponent C, ~ the wt % of pure component C added to 
mixture, I~ the intregrated X-ray intensity of the initial 
specimen,  I 2 the integrated X-ray intensity of the mix- 
ture and X the mass of the initial specimen. 

The calculated mass attenuation coefficients for 
mullite and silica (CuKc~ radiation) are 33.1 and 36.4, 
respectively [8]. 

Each 20 peak identified as a strong diffraction of 
either mullite or silica in the 100% fly ash pattern was 
compared to the same peak in the X-ray patterns for 
the mullite-flyash and silica-flyash mixtures, which 
contained increasing amounts of their respective stan- 
dard. To ascertain the effect of the known addition of 
standard material upon the peak intensity, the outline 

of the peaks were removed and their masses deter- 
mined. These mass values constituted the raw data 
analysed by computer software. Such a mass corre- 
sponds to a peak's area, or, integrated intensity. This 
intensity increases as the quantity of the phase it 
identifies is increased. An ideal result would be a linear 
relationship between percent added standard and inte- 
grated intensity. To illustrate the method of analysis 
Fig. 1 shows a plot of integrated intensity against per 
cent of a phase added to an initial composition. The 
wt % of the phase in the original specimen is deter- 
mined by extrapolating to the abscissa, as shown in 
Fig. 1. 

A linear least-squares minimization computer pro- 
gram fits the generated XRD peak intensity data to an 
equation of the form 

I = C, + CzX (2) 

where I is the normalized integrated intensity of the 
X-ray diffraction peak, C~ and C2 are the fitting con- 
stants, and X is the wt % of the mullite or silica phase 
in the original fly ash specimen. The program calcu- 
lates the fitting constants, the ratio of the constants for 
I = 0, and the correlation coefficient, or, standar- 
dized measure of association, r. The analysis may be 
conducted on the data obtained from an individual 20 
peak, or on any combination of peaks. The wt % 
mullite or silica in the as-received fly ash can be deter- 
mined by solving for X when intensity I is zero 
(Fig. 1). For example, for 20 = 42.63~ 

6'1 = 0.845 

C 2 = 5.889 x 10 -2 

X ( I - =  O) = - C 1 / C 2  - 14.347 

which corresponds to about 14.4wt% in the initial 
composition. 

2.2. Thermal  analys is  
Thermal analyses of fly ash powder specimens were 
completed using a Dupont 951 thermogravimetric 
analyzer (TGA). Fly ash specimens were sealed in alu- 
minium containers approximately 0.5 cm in diameter 
and 0.2 cm deep. These were heated at various rates to 
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investigate the presence of volatile species in the fly 
ash. 

2~3. Particle analysis 
Separation of particle size ranges was accomplished 
using US Standard Sieve Series of 100, 150, 200, and 
325 mesh sizes stacked in descending order. The fly 
ash particle size specimens, separated into the stan- 
dard sieve sizes +100, - 1 0 0  to +150, - 1 5 0  to 
+ 200, and - 2 0 0  to + 325, were prepared for SEM 
analysis. (These sizes correspond to + 149 #m, - 149 
to + 105#m, - 105 to + 75/~m, - 7 5  to + 44/~m, and 
- 44 #m, respectively.) 

A few drops of water were added to the fly ash 
powder to create a paste. This paste was applied to a 
metal plate and surrounded by a brass ring. Buehler 
Sampl-Kwik Powder and Liquid were mixed and 
poured into the brass ring to form a sample mount. 
The electrically non-conductive fly ash was coated 
with aluminium vapour using a Denton Vacuum 
DV-502 high vacuum evaporator. Specimens were 
mounted on to aluminium stubs with silver conductive 
paint for SEM analysis using an Hitachi S-415 scanning 
electron microscope. 

3. Results and discussion 
3.1. X-ray analysis 
Relative intensities were measured of the most intense 
XRD peaks for each of the flyash-mullite and flyash- 
silica mixtures (Tables I and II). 

One peak, 20 = 24.00 ~ did not match the silica or 
mullite reference peaks obtained from [8], and was 
determined to be low tridymite by comparison with 
diffraction data from [7]. Reconstructive transforma- 
tions such as high-quartz to high-tridymite which 
occur at a particular elevated temperature, tend to be 
much slower than transitions of the displacive type [9]. 
An example of the latter is high- to low-tridymite, 
which takes place between the high and low transfor- 
mation temperatures for this particular structure. At 
temperatures above 867 ~ C, some of the high-quartz 
present in the coal under combustion may have trans- 
formed reconstructively to high-tridymite. Hence, 
upon rapid cooling, this small fraction of the silica in 
the fly ash may have subsequently been "displaced" 
into a low-tridymite form made possible as a result of 
the initial reconstructive transformation. 

The intensity of the tridymite peak (24.00 ~ 20) 
increased as the wt % of the silica standard increased, 
indicating that this standard also contained a small 
fraction of trapped tridymite. This was confirmed with 
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Figure 2 Increases in integrated intensity of mullite X-ray peaks 
with addition of mullite to initial fly ash powder specimen (,) 42.63, 
(+) 40.87, (,7) 39.28, (~) 35.28, (zx) 33.24, (D) 30.98, (o) 16.44. 

an X-ray diffraction analysis of the standard. Conse- 
quently, this peak was used in the silica determination. 

The normalized, integrated X-ray intensities for the 
flyash-mullite and flyash-silica mixtures are shown in 
Figs 2 and 3, respectively. The intensities are plotted 
in correspondence with the wt % of standard added to 
make the mixture. The linearity discussed earlier is 
obvious in these empirical results. Not all of the peaks 
for the flyash-mullite and flyash-silica indicated the 
expected increases in normalized integrated intensity. 
In Fig. 2 the peak at 20 = 30.90 ~ twice showed 
decreases in the X-ray intensity with respect to the 
previous peak for increasing mullite, while the 39.28 ~ 
peak had one such occurrence. The peak at 24.00 ~ 20 
in Fig. 3 displayed a single decrease of intensity with 
increasing silica addition. 

Though these peaks correctly identified the phases 
being studied, each of these were very small relative to 
the other 20 peaks in the analysis. Due to the presence 
of a "hump" in the fly ash pattern, indicating amor- 
phous phases, peak baselines were estimated from one 
composition to the next. For the peaks with small 
areas, the change in integrated intensity, or change in 
area, resulting from a composition change is more 
sensitive to the errors in the baseline estimates. This 
may be the reason for the discrepancies in the flyash- 
mullite analysis for peaks of 30.98 and 39.28 ~ The 
single deviating peak in silica was partially obscured 
by background and/or minor phase signals. The esti- 
mated area may have been greater than that attribut- 
able to the 24 ~ tridymite peak. Additionally, as silica 
was added to the sample, this peak increased in 

T A B L E  I Theoretical 20 values for X-ray diffraction of mullite 
with their corresponding correlation coefficients, r 

Peak No. 20 r 

TABLE II Theoretical 20 values for X-ray diffraction of silica 
with their corresponding correlation coefficients, r 

Line No. 20 r 
1 I6.44 0.960 

2 30.98 0.885 1 20.85 0.966 
3 33.24 0.975 2 24.00 0.860 
4 35.28 0.996 3 36.56 0.805 
5 39.28 0.914 4 45.80 0.917 
6 40.87 0.995 5 50.18 0.966 
7 42.63 0.980 6 59.90 0.995 
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Figure 3 Increases in integrated intensity of  silica X-ray peaks with 
addition of silica to initial fly ash powder specimen ( + )  20.85, (n)  
24.00, (o)  36.56, (x) 45.80, (zx) 50.18, (.) 59.90. 

intensity, yet exhibited greater sharpness. This resulted 
in a decrease in area (integrated intensity) with an 
increase in added phase. Background effects in subse- 
quent peaks may have been minimized by the increas- 
ing size of such peaks. 

An additional contribution to deviations from 
anticipated results is the accuracy with which a diffrac- 
tion peak can be reproduced. Inherent flaws in the 
operation of an X-ray diffractometer may also be 
suspect. XRD beam location, focus, and response to 
changes in humidity can alter diffraction patterns. 

Tables I and II include the individual correlation 
coefficients, r, for each of the XRD peaks for the 
mullite and the silica mixtures, respectively. Excluding 
the r value for 20 = 30.98 ~ (lowest r) of Table I in the 
mullite analysis, the least-squares minimization gave 
(to three significant figures) CI = 0.960 and C 2 = 

6.64 x 10 -2, with a correlation coefficient r = 0.943 
for a total of 30 data points. Excluding 20 = 24.00 ~ 
in Table II for the silica analysis, the minimization 
resulted in the constants C~ = 0.845 and C2 = 0.175, 
with r = 0.849 for 25 data points. 

Other peaks with low correlation coefficients may 
be excluded to improve the correlation in the least- 
squares analysis. Table III lists the fitting constants 
and r values for other peak exclusions for the mullite 
and silica data. 

T A B L E  I I I  Fitting constants,  and r values of  least-squares 
minimization for N data points 

Material C~ C 2 r N Excluded peaks 

Mullite 0.960 6.64E-2 0.943 30 30.98 
Mullite 0.937 6.60E-2 0.954 25 30.98, 39.28 
Silica 0.845 0.175 0.849 25 24.00 
Silica 1.200 0.226 0.950 10 20.85, 24.00 

36.56, 45.80 

Averaging the "best fit" calculations resulted in 
w t %  of 14.2 and 5.1 for mullite and silica phases, 
respectively, in the original fly ash composition. The 
mullite wt % was determined with 25 data points and 
exhibited a correlation coefficient r = 0.954 while the 
silica phase quantity was determined using 10 data 
points which corresponded to r = 0.950. 

3.2. Thermal analysis 
Using the Dupont  TGA, a 56.49 mg fly ash powder 
specimen was heated at 15~ rain ~ to a maximum 
temperature of 800~ in air at a flow rate of 
100 cm 3 rain -1. As indicated by the TGA output, the 
mass of the fly ash decreased by 3.810% indicating 
evolution of volatile constituents from the ash. This 
occurred over the temperature range of  approximately 
586 to 764 ~ C. At about 800~ most of  the volatiles in 
the ash had been removed. 

To determine if chemically or physically absorbed 
water had volatilized, a specimen of ash was reheated 
to 900~ for 12 h. The specimen was then exposed to 
the atmosphere for 1 h. Following this, the fly ash 
specimen was heated again in the TGA under con- 
ditions identical to the procedure described pre- 
viously. As a final step, the specimen was held for 
120 min at 800 ~ C. The resulting TG A  graph displayed 
a horizontal line indicating that the volatiles had been 
removed by the pre-firing process. If  the fly ash had 
reabsorbed atmospheric water (humidity), it would 
have contributed to the total weight of the volatiliza- 
tion. The absence of  a change in wt % for the second 
run indicated that the volatiles had been removed by 
the pre-firing process, and that a large mass fraction of  
water must not be volatilizing during heating of  the 
ash in the first run. Therefore, the weight loss of 
3.81% was determined to be the volatilization of  other 
impurities in the ash. 

3.3. Particle morphology and particle size 
distribution 

Figs 4 and 5 are SEM micrographs of the - 150 to 
+ 200 sieve size ( -  105 to + 75 #m particle size range) 
at magnifications of  200 x and 1200 x ,  respectively. 
Various features of constituents that exist in fly ash 
are shown in Fig. 4. Spheres of  many different sizes 
and surfaces are found either loose or embedded in a 
larger matrix-like structure. At the higher magnifica- 
tion shown in Fig. 5 the matrix appears to be a con- 
glomeration of spherical particles with sizes as varied 
as those in Fig. 4. Both mierographs provide indica- 
tion of the complexity of this combustion product. 

The separation of  particle size ranges was initiated 

T A B L E  IV Particle size distribution of fly ash; individual 
masses, and wt % of  each fraction in total fly ash sample 

US Standard Average diameter Mass  (g) % of  total 
Sieve No. (#m) 

+ 100 + 149 0.2479 0.672 
-- 100 to + 150 -- 149 to + 105 1.3084 3.544 
- 150 to + 200 -- 105 to + 75 8.3232 22.540 
--200 to +325  --75 to + 4 4  18.0967 49.02 
- 325 < 44 7.5340 20.40 
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Figure 4 Scanning electron micrograph of fly ash in the particle size 
range of 75 to 105 ~m at magnification x 200. 

to attempt to determine which range, if any, contained 
the greatest mass of fly ash. The percent of total mass 
values given in Table IV show the largest fraction of 
fly ash particles have diameters between 44 and 75 #m. 
Over 70% of the fly ash particles lie within the 105 and 
44#m range. Some deviation must exist for these 
values due to the conglomeration of some smaller 
particles. Clustering of the smaller particles was 
observed in several SEM micrographs of fly ash 
powder collected in a larger particle size range, thus 
confirming that such conglomerates may be retained 
by coarser mesh sizes. Evidence of this can be seen in 
Fig. 5 when compared to the relative particle sizes of 
Fig. 4. Several papers exist which address additional 
questions related to particle size distribution and the 
distribution of mullite and other crystalline phases 
with respect to particle sizes in fly ash [3, 4, 10, 11]. 

4. Conclusion 
X-ray analysis of the fly ash powder has shown that 
mullite and silica are the major crystalline phases in 

Figure 5 Scanning electron micrograph of fly ash in the particle size 
range of 75 to 105/~m at magnification x 1200. 

the ash. This is consistent with other studies [3, 4]. The 
weight fraction of mullite and alpha quartz in the fly 
ash was 14.2 and 5.1%, respectively. The volatile 
content (unburned coal, etc.) of the fly ash was 
3.81 wt%. 

A significant glassy fraction of the fly ash was indi- 
cated by the "hump" in the X-ray diffraction pattern 
20 values of approximately 18 to 32 ~ . 

The particle size of mullite produced by the decom- 
position of kaolinite may be as small as 0.01 #m [12]. 
XRD peaks from particle sizes in the micrometre size 
are very broad, and in this case such peaks may be at 
least partially hidden by the broad amorphous hump 
of the X-ray diffraction pattern. TEM studies could 
determine the presence and quantities of these phases 
of possibly microcrystalline mullite in the fly ash. 
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